Abstract Over the last decade, therapy for lupus nephritis in children has begun to shift from the provision of long-term steroids and intravenous cyclophosphamide to regimens with limited or no cyclophosphamide, lower steroid burdens, and increased reliance on oral mycophenolate mofetil. As the molecular immunology underlying the pathophysiology of lupus is further discerned, more targeted therapies, including
Introduction
About 20 % of systemic lupus erythematous (SLE) is diagnosed before 18 years of age [1] , and pediatric-onset SLE tends to present with more severe symptoms, is more likely to have concomitant renal involvement [2] , and often requires more immunosuppression for effective treatment [3] . Despite such differences between adult and pediatric SLE, the approach to care for children with SLE has historically been modeled on treatments used in adults. In fact, most large series reporting treatment efficacy and all randomized controlled trials comparing therapies have been done primarily with adult subjects, underscoring the need for larger pediatric-specific clinical trials to delineate optimal approaches to childhood SLE.
In the absence of such trials, however, pediatric SLE therapy is likely to continue to parallel adult care, with particular interest not only in developing more molecularly-targeted treatments for systemic disease but also in identifying biomarkers that can be used with reliability to assess disease activity and treatment efficacy. Accordingly, in this review, we will focus on novel therapeutic and diagnostic approaches under consideration in the patient with SLE that are likely to be applicable to children, emphasizing particularly any pediatric data that may also exist for these endeavors.
New Approaches with Oral Immunosuppression
Throughout the last decades of the twentieth century, SLE outcomes-especially related to renal function-improved dramatically as regimens based on the use of long-term intravenous cyclophosphamide (IVCY) were introduced [4] . The significant adverse effects associated with IVCY, most notably its impact on fertility, infection, and secondary malignancy, resulted in the development of alternative regimens that spared duration of IVCY exposure or its cumulative dosing. For instance, the Euro-Lupus Nephritis Trial showed that a shorter course of lower dose IVCY followed by maintenance oral azathioprine (AZA) was as effective as long-term IVCY both initially [5] and at 10 year follow up [6 • ].
Over the last 15 years, in an attempt to see if IVCY exposure could be reduced further or even eliminated, induction and maintenance regimens utilizing oral mycophenolate mofetil (MMF) have been studied. The ALMS trial was the largest randomized controlled trial comparing MMF to IVCY over a 24 week induction period. It included 370 ethnically and geographically diverse patients with WHO class III-V lupus nephritis. Subjects received either 3 g/day of oral MMF or monthly IVCY pulses (0.5-1 g/M 2 ) with both groups receiving oral steroids. There was no significant difference in treatment response at 24 weeks defined as a decrease in urine protein/creatinine ratio (to nonnephrotic range in subjects with baseline nephrotic-range proteinuria or a decrease in proteinuria by 50 % in subjects with non-nephrotic proteinuria at baseline) as well as stabilization or improvement in serum creatinine. Adverse events were also not significantly different between groups
In another trial of 140 adults with WHO class III-V lupus nephritis, a similar treatment protocol was used. The primary endpoint was complete remission, which was defined as return to within 10 % of normal values for serum creatinine and proteinuria as well as an inactive urinary sediment. On intention to treat analysis, MMFtreated subjects had increased rates of complete remission (25 vs. 5.8 %, p = 0.005) as well as fewer severe infections. There was also a trend towards a higher rate of partial remission in the MMF group. Three years after induction therapy, the MMF group also had lower rates of ESRD and death than the IVCY group. There were concerns, however, that outcomes had not been analyzed for important confounding variables such as maintenance therapy (this was not standardized in any fashion), race, and withdrawal from trial due to adverse sequelae [8] .
Two other recent large studies have focused particularly on maintenance therapy routines after induction, one showing equivalent results with maintenance MMF or AZA [9] and another, which was a continuation of the ALMS trial, showing superiority of maintenance oral MMF compared to AZA in decreasing relapse rates [10] .
The long-term effects of variations in induction and maintenance regimens are not well understood. A retrospective review from Korea showed no difference in initial remission rates for lupus nephritis between oral MMF and IVCY, but after 10 years there was a significantly decreased risk for ESRD and mortality in the IVCY group, despite the fact that the IVCY group initially had evidence of more nephritis [11] . Conversely, in a Dutch population treated with either oral AZA or IVCY induction and then maintenance AZA over a median follow-up of nearly 10 years, there was no difference in rates of ESRD, mortality, or sustained doubling of serum creatinine between the two regimens, despite more renal relapses on follow-up in AZAtreated subjects [12] .
Although there are no randomized controlled studies to specifically evaluate oral MMF or AZA versus IVCY for induction in children, the ALMS trial included 24 children. Review of the outcomes in these pediatric patients showed a trend towards benefit from MMF induction as well as MMF maintenance compared to AZA [13 • ]. In addition, a retrospective review of 138 children treated between 1980 and 2010 also suggested improved outcomes with the addition of MMF as induction or maintenance therapy [14] .
Another area warranting further investigation is the relationship between specific clinical variables such as race and treatment response to MMF and whether data that has been generated again largely in adults applies similarly to children. Most SLE studies have been underpowered to analyze outcomes by race, and single center experiences often have a homogeneous population for that geographic or referral area. When the ALMS study was re-examined by race, white and Asian groups had similar rates of response to IVCY and MMF, but the black and Hispanic groups had better response to MMF [15] . A meta-analysis of 11 studies from around the world found that overall there was no statistical difference in remission rates between MMF and IVCY, although, again, studies outside of Asia showed more benefit with MMF [16] . These data suggest that future investigations should consider race and geographical location as confounding variables in assessing response.
Thus, there is good evidence that MMF is at least equivalent to and, especially in Black and Hispanic SLE patients, may be better than IVCY for induction. After short-term follow up, it also appears that MMF is favorable in terms of adverse effects. These results, coupled with the safety profile of MMF in children that has been established by its widespread use in pediatric renal transplantation, support MMF as a reasonable choice in pediatric SLE and many clinicians are now considering MMF as first-line therapy for induction and maintenance therapy.
A significant caveat for clinicians caring for children with SLE is adherence to a regimen that requires several doses daily of a medication for a long period of time. Given that most young children and many adolescents must rely on adult caregivers to obtain and provide oral medications, in situations where there is concern that the child will not receive oral medications as prescribed, IVCY should be considered. Similarly, in adolescents with demonstrated non-adherence to prescribed medication regimens, IVCY insures that medication is provided and may need to be maintained until there is evidence of improved behavior.
Cyclosporine (CSA), a calcineurin inhibitor that inhibits T cell proliferation, has been a mainstay of solid organ transplantation for nearly three decades. Several studies suggest that it may also be beneficial in SLE. A multicenter open label randomized controlled trial evaluated 40 subjects with newly diagnosed WHO class III or IV lupus nephritis induced with IVCY or CSA. Remission and response rates were not significantly different and, after a mean 40 months follow up, relapse-free survival was similar between groups [17] . Another multicenter open label randomized controlled trial with 89 patients compared AZA and CSA in patients who required changes in their treatment regimen and found no difference between groups in prednisone dose, disease activity scores, or number of flares or adverse effects [18] . Another study with 42 adults with lupus membranous nephropathy compared prednisone alone, CSA, and everyother-month IVCY for 11 months. After 1 year of followup, the probability of remission was significantly higher in the IVCY (60 %) and CSA (83 %) groups compared to the prednisone only group (27 %), with a tendency towards faster remission in the CSA group. After median follow-up of 60 months, however, the risk of relapse was higher in the CSA group compared to the IVCY group, though there were differences in the racial composition of the groups that likely confounded these results [19] .
There are also reports supporting CSA use in children. A retrospective review of 16 children with class III/IV lupus nephritis, most of whom were treated with MMF, methylprednisolone, and CSA had overall good responses, although the treatment regimens were variable. At initiation, five patients required dialysis but all of them were off dialysis with good eGFR [80 mL/min/1.73 M 2 at 12 month follow up [20] . CSA use has also been reported in treatment of refractory proteinuria in children with SLE, and its use resulted in a significant decrease in protein excretion although relapse was common after discontinuation [21] .
Overall, it appears that CSA may be beneficial in SLE, but there is no evidence to support its specific use over other therapies such as oral MMF, especially in children. Moreover, a significant sequela of calcineurin inhibitor provision is nephrotoxicity with irreversible parenchymal scarring, so its long-term use should be avoided in any SLE population.
Tacrolimus, another calcineurin inhibitor that has largely supplanted CSA in solid organ transplantation, has also been used as therapy for lupus nephritis. In vitro studies using human peripheral blood mononuclear cells showed that low concentrations of tacrolimus inhibited production of TNFa and IL-1b, thus prompting interest in its usage in SLE [22] . A recent meta-analysis reviewed five randomized controlled trials including 225 patients with SLE who were induced with either tacrolimus or IVCY and found that the tacrolimus group had increased rate of complete remission (RR 1.61, p = 0.004), higher overall response rates, lower disease activity scores, and decreased levels of proteinuria. They also had fewer GI symptoms and menstrual irregularities.
Other adverse results such as infection were not statistically different between groups [23] . The ability to generalize from these results to children is limited, however, by the fact that the majority of participants were Asian adults and follow up was for only a mean of 6 months.
The utility of tacrolimus is supported in another metaanalysis that included one randomized controlled trial, one case control study, and five open label studies [24] . Other smaller studies have also supported using tacrolimus as rescue therapy in patients with diffuse proliferative or membranous lupus nephritis [25] . A multicenter randomized controlled trial comparing AZA and tacrolimus for maintenance (both with prednisone) showed no statistical difference between outcomes in the two groups, but there were lower rates of leukopenia in the tacrolimus group [26] . An open label study of 60 patients with SLE showed no significant difference in remission rates in patients induced with MMF, IVCY, or tacrolimus. There was a trend towards more infections in the MMF and IVCY group and more hyperglycemia in the tacrolimus group, but no overall difference in adverse events [27] .
These studies suggest that tacrolimus may be considered for induction, maintenance or treatment of lupus. Since the majority of studies have been performed in Asians and there is racial variation in SLE treatment response, it would require further study in more diverse populations including children to make more definitive conclusions as to the efficacy of tacrolimus in pediatric SLE. Also, like CSA, tacrolimus provision can be complicated by nephrotoxicity, and this needs to be considered in its provision versus other therapies such as MMF with apparent similar efficacy.
Rapamycin or sirolimus, an mTOR inhibitor that is currently used as immunosuppression for solid organ transplantation, has also been tested in pilot studies for treatment of lupus nephritis. One small series noted a generalized improvement in lupus activity scores [28] . Currently two phase 2 trials are active, with treatment groups including children [13 years of age [29] . Again, based on experience in children with renal transplantation, rapamycin tends to be well tolerated, though many children do require concomitant therapy for drug-related hyperlipidemia. Unlike the calcineurin inhibitors CSA and tacrolimus, mTOR inhibitors such as rapamycin are not nephrotoxic so they may be a more attractive alternative if further study continues to show efficacy.
A phase 2 trial of 110 subjects, including adolescents at least 16 years old, has shown promise for leflunomide, an immunomodulator that inhibits pyrimidine synthesis [30] . Compared to subjects who received traditional treatment with IVCY and steroids, those treated with leflunomide demonstrated significant reductions in active renal lesions on re-biopsy at 6 months. A phase 3 trial combining tacrolimus with leflunomide is currently ongoing [29] .
Novel Therapies Targeting B Cells
Enhanced understanding of immunologic factors mediating SLE has allowed for the use and development of therapies that are more molecularly targeted. Due to the prominent role of autoantibodies against DNA, ribonucleoprotein, chromatin, and platelets in SLE, the loss of B cell tolerance has been implicated as a pathogenic cause of disease, and B cell clusters have been identified in renal biopsies of lupus nephritis [31, 32] . Thus, an increasing number of therapies targeting B cell mechanisms have been the focus of study (Table 1) .
Rituximab, a chimeric mouse-human monoclonal antibody to CD20 antigen, targets immature, naïve, germinal center, memory B cells but not plasma cells [33] . Data from several European cohorts noted improvement of both serum albumin and proteinuria in patients with lupus nephritis who were treated with rituximab for refractory disease [34 • ]. Similarly, a multicenter review of 116 subjects with refractory lupus noted more than 60 % response (19 % complete remission and 44 % partial remission) to rituximab at 6 months [35] .
In contrast to this experience, two large phase 3 trials showed no benefit from rituximab therapy. The LUNAR trial evaluated the effect of adding rituximab (1 g IV infusion on days 1, 15, 168, 182) to MMF/steroid treatment in 114 SLE patients with class III/IV nephritis over a 1 year period. MMF was initially provided at 1.5 g per day and increased to 3 g per day by week 4. IV methylprednisolone was initially provided at day 1 and 3 for active nephritis and later changed to oral prednisone 0.75 mg/kg/ day until day 16, with subsequent taper to \10 mg/day by week 16. Renal response rates were not significantly different (45.8 % in the MMF/steroid group and 56.9 % in the Rituximab group). Although there was no difference in primary endpoints, rituximab therapy reduced anti-dsDNA, C3 and C4 levels [36 
Similarly, in the EXPLORER trial which included 257 SLE patients with extra-renal manifestations followed over a year period, rituximab treatment (two IV doses of 1 g at time of entry and at 6 months) added to steroid therapy did not change the frequency of moderate to severe lupus flares. Pre-study immunosuppression regimens were continued (MMF, methotrexate, or azathioprine) and prednisone was initially increased at entry to study and then tapered to \5 mg/day by week 52. A sub-analysis suggested that there might have been more benefit to rituximab provision in African Americans and Hispanics than other . This data underscores that particular patient subsets may be impacted differently than the entire treatment group and that these factors may need to be considered in tailoring individual therapy. Given these results, rituximab is not now recommended over standard therapy with steroids and MMF or IVCY in the initial treatment of lupus nephritis. Care must be taken regarding its use in refractory lupus as well, given concerns regarding an increased risk of progressive multifocal encephalopathy (PML) from reactivation of the JC virus, which has prompted an FDA alert [38] about its use. A recent 6 year review of the US Adverse Reporting System demonstrated 124 PML cases associated with Rituximab out of a total of 635 PML cases [39] .
Ocrelizumab, an anti-CD20 antibody that primarily targets peripheral B cells (thus sparing the immature B cells targeted by rituximab), was first studied for treatment of rheumatoid arthritis and is now also been studied in lupus nephritis with the phase 3 BELONG trial [40] . It compares the addition of ocrelizumab to standard therapy (corticosteroids, MMF, and cyclophosphamide) with standard therapy alone [29] and results from this trial may elucidate if there is a particular advantage to this alternative approach to B cell depletion.
Belimumab, a monoclonal antibody against B-lymphocyte co-stimulator (BLyS), has shown promise in two randomized placebo-controlled trials of nearly 1,700 subjects [31, 41, 42] . BLyS seems to play a key role in B cell development and survival and has been found to be overexpressed in SLE. After a year, use of belimumab at doses of 1 and 10 mg/kg was associated with improved lupus disease activity scores, including specific renal symptoms [41, 42] . A phase 3 belimumab study is currently recruiting SLE patients with active renal disease [29] . Epratuzumab, a humanized anti-CD22 monoclonal antibody, resulted in improved lupus activity scores in an openlabel single center study of 14 moderately severe SLE patients [43] . CD22 is a regulatory molecule that is thought to play a role in immune over activation. In another trial, epratuzumab doses of 600 mg weekly significantly improved lupus activity scores [44] . Multiple phase 2 and 3 clinical trials are currently recruiting [29] .
Animal studies have indicated a decrease in circulating anti-dsDNA levels with abetimus sodium, a tolerogen that can both block specific B cell anti ds-DNA antibodies and complex them together [45] . A 22 month study of 317 SLE patients showed reduced serum anti-dsDNA levels with weekly 100 mg Abetimus doses as well as [50 % reduction in proteinuria after a year, though treatment did not significantly prolong time to renal flare [46] .
BG9588, an anti-CD40 ligand antibody that should result in decreased production of autoantibodies, was evaluated in a phase 2 clinical trial that included 28 patients. It showed promise by decreasing anti-ds DNA levels and hematuria, but the trial was terminated prematurely due to an increased rate of thromboembolic events [47] . No further studies have been reported with its use [29] .
Therapies Targeting Cell Signaling Molecules
Several novel molecular agents targeting cell signaling molecules that play a key role in inflammatory response with autoimmune disorders have also been developed and are increasingly being studied both as primary approaches or adjunctive treatments for SLE. These treatments, including a novel vaccine to induce antibodies to interferon-alpha (IFN-a) to mitigate inflammatory processes, are listed in Table 2 , with further detail below of applicable clinical trials.
Tocilizumab, a monoclonal antibody to Interleukin-6 receptor (IL-6R), has been evaluated in a phase 1 openlabel dose escalation study (2, 4, or 8 mg/kg) in 16 subjects with mild to moderate disease activity, including patients with chronic glomerulonephritis unresponsive to 6 months of immunosuppressive therapy [48] . Significant improvements in disease activity scores were noted in half, as well as decreases in anti-dsDNA levels and circulating plasma cells. Tocilizumab dose escalations were associated, however, with decreasing neutrophil counts. Sirukumab, a monoclonal antibody to IL-6 that is being used in an active phase 2 lupus nephritis trial [29] , has also been found to induce similar neutropenia [49] .
Infliximab, a monoclonal antibody against tumor necrosis factor (TNF-alpha), has proven efficacy against immunologically-mediated disease processes such as inflammatory bowel disease [50] , leading to trials of its use with SLE. In one small series of SLE patients treated with four doses of infliximab and maintenance oral azathioprine, two-thirds manifested a sustained remission of lupus nephritis at 5 years follow-up [51] , but adverse sequelae such as CNS lymphoma and legionella pneumonia were also seen. Given further data associating the combination of thiopurines and TNF-alpha inhibitors with T cell non-Hodgkin's lymphomas [52] , interest in this approach has waned and several trials that had been actively recruiting patients have been terminated [29] .
Abatacept is a fusion protein composed of the Fc region of immunoglobulin IgG fused to CTLA-4. It inhibits CD28 co-stimulation of T cells, thereby preventing full activation of T cells. One trial of 175 SLE patients provided abatacept showed no significant difference in rates of systemic lupus flares versus conventional therapy over a 12 month period [53] . Another phase 2 trial examining abatacept in active lupus nephritis (ACCESS trial) has completed recruiting and results are pending [29] . Use of belatacept, an immunomodulator with a mechanism of action similar to abatacept, was favorably compared to CSA in kidney transplant patients in the large phase 3 BENEFIT-EXT trial. Belatacept has been associated, however, with increased rates of post-transplant lymphoproliferative disorder (PTLD) and tuberculosis [54] . As a result, there has not been decreased consideration of its use in other clinical conditions such as SLE where multiple immunomodulators may be used similar to transplantation.
Studies for sifalimumab (MEDI-545) and rontalizumab, monoclonal antibodies to IFN-alpha that also inhibit induction of IFN mRNAs, have shown promise in phase 1 trials [55, 56] . Sifalimumab was shown to decrease signs and symptoms of lupus activity after a single injection without reactivation of viral infections. Rontalizumab has also demonstrated an acceptable safety profile [57] and is being studied in a phase 2 trial [29] .
Rigerimod, also known as lupuzor, is a therapy consisting of a spliceosomal P140 peptide that is recognized by CD4 ? T cells. Its use is supposed to reduce T cell proliferation, and it may have the potential to induce tolerance [58, 59] . A European phase 2 open-label study of 20 subjects with SLE showed improved disease activity scores and a decrease in anti-ds DNA titers in the majority of patients after three subcutaneous doses [59] . It has recently been approved by the USA FDA to enter phase 3 clinical trials [60] .
Stem Cell Transplantation
Stem cell transplant (SCT) has also been considered as a potential therapy for refractory rheumatological diseases such as SLE [61 • ]. The goal of SCT would be the elimination of auto-reactive lymphocytes and the subsequent production of new self-tolerant cell lines. Compared to allogeneic transplant, autologous SCT has significantly lower mortality [62] and, accordingly, has become the preferred approach for refractory autoimmune disease [63] .
SCT can be sourced from mesenchymal or hematopoietic cell lines. Mesenchymal cells (MSCs), typically harvested from bone marrow, adipose, or umbilical cord, not only have the potential to differentiate into non-hematopoietic cells types but also lack significant immunogenicity so that pre-SCT conditioning regimens may be unnecessary [61 • , 64] . MSCs have low levels of HLA class 1 major histocompatibility complex and are also negative for class II MHC co-stimulator molecules such as CD80, CD86, and CD40 that have been implicated in SLE pathogenesis [65, 66] . In comparison, hematopoietic stem cells (HSC) require aspiration from bone marrow or mobilization from peripheral blood with cyclophosphamide or granulocyte stimulating factors prior to harvesting via apheresis [67] . For HSC transplants, infused cells are further selected for CD34 positivity to eliminate T cells and decrease immunogenicity [68] .
A retrospective review of European registry data for autologous SCT included outcomes in 53 SLE patients who manifested a disease remission rate of 66 % at 6 months, but subsequent relapse then occurred in 32 % [62] . There were also 12 deaths occurring from 0 to 48 months after transplant. In a corresponding American SCT registry, 48 patients with refractive SLE demonstrated 5 year patient survival of 84 %, although probability of disease-free survival was only 50 % [69] . Improvements were noted, however, in disease activity scores, and serum anti-dsDNA, complement, and ANA levels.
Autologous transplant does not, however, remove a patient's underlying genetic susceptibility to autoreactivity, thus allowing the potential for relapse of an underlying autoimmune disease by the re-formation of auto-aggressive lymphocyte clones [70] . Along those lines, nearly half the deaths reported in autologous SCT patients with SLE were not a result of the transplant itself; rather, a large proportion died from active SLE despite the SCT [71, 72] . Such results have complicated the ability to recruit patients to more rigorously assess this treatment versus conventional therapy in randomized controlled trials [29] .
The specific role that SCT plays in refractory pediatric SLE therapy remains unclear. Given the less than sanguine results to date in adults, most pediatric clinicians would like to see decreased SCT-related morbidity and mortality and more widespread and sustained therapeutic efficacy before its consideration ahead of other novel therapies in children with therapy-refractory disease.
Diagnostic Biomarkers of Lupus Nephritis
Complicating the assessment of any therapy in SLE is the clinician's ability to assess disease activity. For instance, the gold standard for diagnosis and classification of lupus nephritis is still the renal biopsy. Other less invasive ways to assess renal lupus activity such as quantifying urinary protein, reviewing the urinary sediment, assessing serum creatinine or C3 and C4 complement levels, or measuring anti-dsDNA titers, while useful in clinical context are all limited in their abilities to determine the presence or extent of renal involvement. A recent report exemplifies the inadequacy of current clinical assessment: in a cohort of SLE patients with no evidence of renal involvement in the way of significant proteinuria, increased serum creatinine, or active urinary sediment, nearly 50 % actually had lupus nephritis on biopsy [73 •• ] .
Since biopsies are invasive, involve risk, and are not practical for disease surveillance, there is impetus to identify and validate biomarkers that permit diagnosis and assessment of lupus nephritis activity. In addition, biomarkers for renal lupus or generalized SLE activity could be used to assess response to therapy in a more precise manner than current clinical assessments.
Chemokine ligand 2 (CCL2), also known as monocyte chemo-attractant protein-1 (MCP-1), has been investigated as a putative biomarker for SLE. CCL2/MCP-1 is a chemokine that preferentially attracts monocytes and memory T lymphocytes and seems to enhance vascular permeability. Its glomerular expression is increased in children with more severe nephritis (class III/IV) [74] and several studies in adults have demonstrated a correlation between nephritis activity and urinary MCP-1 levels, including one report that demonstrated that MCP-1 increased from 2 to 4 months prior to a renal flare, subsequently decreasing in patients who responded to treatment while remaining elevated in non-responders [75] . In adults, urinary MCP-1 has not correlated with histologic findings on renal biopsy [76] , though two pediatric studies showed correlation of urinary MCP-1 concentration with disease activity scores [77 •• , 78] . Longitudinal studies in children would be the next step to evaluate the ability of MCP-1 to predict flares in this population as well.
Neutrophil gelatinase-associated lipocalin (NGAL) is a member of the lipocalin family of binding proteins. Its expression in epithelial cells increases in response to inflammation [79] and it also seems to play a role in binding iron and exerting bacteriostatic effects [80] . NGAL expression in the kidney is also enhanced in response to acute kidney injury. NGAL has been detected in urine as soon as 6 h after cardiopulmonary bypass in children undergoing cardiac surgery, with levels correlating well with subsequent acute kidney injury [81] . In children with SLE, urinary NGAL is significantly higher in those with active renal disease, and NGAL was found to be both a sensitive and specific marker to discern biopsy-proven nephritis [82, 83] .
This predictive value of urinary NGAL was illustrated in a report of 111 children with SLE followed at 3 month intervals. A significant increase in urinary NGAL was noted up to 3 months prior to confirmation of worsening renal disease by traditional clinical measures, with a high degree of sensitivity and specificity between NGAL and renal injury [84] . To date, levels of urinary NGAL have not been shown to correlate with specific renal histology subtypes, however, so milder changes may not be differentiated from more severe histopathology. Moreover, urinary NGAL can be elevated in the setting of other causes of renal injury, particularly complicating its use in children with SLE who may be acutely ill or have other risk factors for renal compromise.
Due to their roles in promoting leukocyte adhesion and data that suggests that their expression may be increased in biopsies of patients with active lupus nephritis, intracellular adhesion molecules (ICAMs) and vascular adhesion molecules (VCAMs) have also received attention as possible biomarkers in SLE [85] . In one study, urinary ICAM-1 and VCAM-1 were significantly elevated in those adult SLE patients with severe renal histological findings (WHO class III, IV and V) compared to those with less severe findings (WHO class I or II) [86] . In 24 patients who underwent concomitant renal biopsy and urine studies, urinary VCAM-1 levels were significantly elevated in those with biopsy-proven diffuse proliferative glomerulonephritis (WHO class IV) compared to other histologic changes. Urinary VCAM-1 levels also correlated with a disease activity index in biopsies. Interestingly, urinary VCAM-1 levels in patients with other active glomerular disease such as focal segmental glomerulosclerosis (FSGS), ANCA glomerulonephritis, and membranous nephropathy were similar to those in patients with active SLE, suggesting that it may have more broad applicability to nephritis in general [76] .
Theoretically, a combination of biomarkers would improve the sensitivity and specificity of disease diagnosis and prognostication. In a proteomic signature (PS) developed from 32 pediatric SLE patients, several candidate urinary proteins correlated with overall disease activity. There was not similar correlation with histology findings, but urine was collected an average of 9 months after biopsy [87] . Within this PS, transferrin (Tf) and lipocalin-type prostaglandin-D synthetase (L-PGDS) were found to be significantly associated with active lupus nephritis [88] .
In another attempt to use biomarkers to characterize disease activity in 76 patients (including 26 children), the combination of urinary MCP-1, AAG, Cp, and urinary protein to creatinine ratio predicted lupus activity, and the combination of MCP-1, NGAL, and creatinine clearance predicted chronicity [89 • ]. Certain biomarker panels also seemed to correlate with biopsy histology findings as well, including membranous lupus nephritis (WHO class V) and interstitial inflammatory infiltrate [90] .
Taken together, such results hint at the benefit of a validated biomarker panel to assist with the diagnosis and follow-up of children with lupus to more accurately assess disease activity. Characterizing response based on urinary biomarkers would simplify clinical management and allow for more readily individualized courses of therapy. Biomarkers would also facilitate the evaluation of new therapeutic interventions.
Conclusion
The approach to therapy in lupus continues to evolve, with an emphasis on identifying regimens that are efficacious and less toxic than the standard therapy that for so many years relied on steroids and cyclophosphamide, especially in the setting of lupus nephritis. At this point in time, the use of oral MMF as induction and maintenance therapy seems to offer both efficacy and decreased toxicity and, in many pediatric centers, is becoming first-line approach to therapy. Less intense or prolonged induction phases and more individually tailored maintenance therapy will certainly continue to characterize changes to SLE treatment over the next decade, especially in pediatric patients at particular risk for drug-associated morbidity.
As there is increased understanding of the immunologic derangements underlying disease pathogenesis in SLE, the use of therapies directed against cells or signaling molecules in the immune system is likely to become more common as well. At this point, there is not sufficient data to endorse the use of Rituximab, the most-studied of these agents in SLE, as a first-line adjunct in children. In children with recalcitrant disease to more standard approach, the results of uncontrolled studies and anecdotal reports may support its consideration, especially in African Americans or Hispanics who did seem to benefit more in controlled studies in adults. In considering any of these therapies, however, the clinician must also weigh the limited data on potential long-term toxicity of these agents, especially in children who may need significant further immunomodulatory therapy for future disease flares.
Additionally, as better biomarkers for SLE activity are discerned, they can be incorporated into clinical care, again allowing for a much more individualized therapeutic approach as well as improved and earlier recognition of disease flares. As with many pediatric diseases, experience in adults will continue to shape therapy for children with SLE, but there is the need to include children in studies assessing new SLE treatments or trying to validate new biomarkers so that their clinical care can be increasingly evidence-based.
